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Abstracts:
The main aim of this thesis is to explore machining strategies, analyzing energy
consumption using Design of Experiments (DOE) at the material removal rate (MRR),
compare to cutting geometrical trajectories according to CNC parameters such as spindle
RPM, feed rate, depth of cut per pass and total depth of cut. Spindle RPM, depth of cut
per pass, and feed rate are selected as the main three factors and each factor has two
levels: low-level (-) and high-level (+).

These experiments have been performed at an end-milling machine by using a concept of
a constant volume of material removal processes in the circular and linear geometrical
slots in pine wood blocks. Standard energy logger equipment has used to measure energy
consumption during end-milling operation. Different statistical analysis, such as
ANOVA, regression line, and cause & effect diagram have used to show different energy
consumption results in the material removal process. At the end the of data analysis, it is
found that a significant amount of electricity demand is associated with machining precutting & post-cutting stage and this significant amount of electricity demand is defined
as peripheral energy. This peripheral energy is not involved in the actual performance of
material removal process in the end-milling process. In the [Figure 11] end-milling
process has been involved with pine wood blocks at constant volume of material removal
(2.8 cubic inch) process. Results can be varied using of hard material removal process,
such as steel & aluminum metals. Results are presented in chapter 6.
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Chapter 1: Introduction:
Providing augmented energy demand is essential for sustaining at the current rate of
industrial expansion. According to the US Energy Information Administration that is
summarized in [Figure 1] the energy demands will increase 45% by the year 2030 [1].
Because of this, it is critical to meet the growing demand for energy. Approximately 90%
of the environmental impact from machining process are due to electrical energy
consumption, [2] [CECIMO-2009].
The urgency for reducing energy consumption is evidence of this fact: In 2008, machine
tools manufacturers in the European Union sold approximately 110,000 CNC production
machine [2] 67% of which were made of metal cutting purpose-milling machining
operation. It has been revealed that a milling machine has a nominal power of 35kW and
runs 4,000 hours per year. If 20 % machining is cut then 35% associate material, around
750,000 tons of steel, 1.2 million tons of CO₂, and 2000GWh of energy would be saved.
Electrical power consumption is the greatest source of environmental impact due to the
release of CO₂ during the process of generating the electricity from carbon-rich fuel
sources. [3]

Figure 1: Overview of energy demand in industrial sectors.
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1.1 Thesis goal:
Explore machining strategies, analyzing energy consumption using Design of
Experiments (DOE) at the material removal rate (MRR), comparing cutting trajectories
according to CNC parameters such as spindle RPM, feed rate, depth of cut per pass and
total depth of cut.
1.2 Thesis objectives:
•

Measure energy consumption in milling processes using specific geometrical
trajectories.

•

Compare energy consumption between actual cutting stage and pre-cutting & postcutting stages (peripheral energy).

•

Explore the most significant factor among the CNC parameters such as spindle RPM,
depth of cut per pass, and feed rate aligns with milling operation and energy
consumption performance.

•

Study cycle time and energy consumption relation at material removal process for
specific geometrical trajectories.

1.3 Thesis scope:
•

Material removal process in end milling operation has performed at circular and
linear geometrical trajectories with the constant volume of material remove.

•

Standard energy logger machine is used to measure energy consumption in circular
and linear slots of material removal processes.

•

Different statistical analysis, such as ANOVA, regression line, and cause & effect
diagram have used to show different energy consumption results in the material
removal process.

•

High speed steel 1 fluted helical cutting tool with 0.375 inch diameter has used in the
end milling material removal process.
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Chapter 2: Literature review:
Development of an accurate model in the milling machine for less energy consumption is
usefully investigation. In terms of trends in the development of machines, there is
currently a large gap between machining demand and energy consumption. Regarding to
investigate energy consumption in the end-milling process is the key factor in this paper
approach. Many investigations has been performed regarding milling processes and
energy consumption behaviors for different types of geometrical trajectories of different
CNC parameters.
2.1 Sustainable manufacture and factory of the future:
Resourcing growing demand of energy in the industrial sector is a challenging issue for
sustainable manufacture and factories of the future. Industrial energy consumption is
continuing to grow and this growing trend is driven by demand for manufactured
products, supply and demand of electricity [2] and international regulations. At the
factory manufacturing level, especially in machining, nearly 90% of the carbon footprint
[18] occurs due to the electricity demands of machine tools. Electricity demand is related
to environmental impact and sustainable eco-efficiency assessment tool of milling
operation is one the possible ways for potential energy savings in the future factories.
2.2 ICT enabled energy efficiency in manufacturing:
Information communication technology (ICT) can enable to energy-efficient
sustainability in modern [4] manufacturing. Designing a specific manufacturing method
and energy consumption in machining operation are ignored due to lack of machining
knowledge-maintenance [11] at the factory level. More specifically, energy requirements
and dependence on energy are not simulated at the initial stage of manufacturing. The
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result tends to holistic because energy simulation is not supported and, at the same time,
decisions are not verified by evaluating and assessing the energy consumption for the
future manufacturing system. Different researchers have been working on Energy
Consumption ideas.
2.3 Energy efficient process planning for CNC machining:
According to S.T. Newman’s investigation [5] was involved in the material removal
process in a milling process using different feed rates, spindle speed, and depth of cut on
aluminum metal. Experiments were performed at constant linear trajectory length for
each aluminum slot with variable depth of cut, variable spindle speed, variable feed rate,
and constant time frame. Newman found that the energy consumption behaviors of two
interchangeable process plans had different characteristics. Newman revealed that energy
saving opportunity is high in respect of high load of metal removing process than less
load of material removing process. The main proposal of Newman’s paper was to
establish a mathematical model related to energy consumption in machining processes in
the specific mechanisms: internal frictional force, internal circuit resistance, rotational
energy in the spindle, and mechanical workload.
2.4 Critical factors in energy demand modeling for CNC milling and impact of
toolpath strategy:
Aramchareon and Mativenga [6] investigated how to define the critical power constants
for a database that can assist energy estimate for any available machine and work piece
materials. The assessment of alternative toolpaths identified major chances for energy
demand reduction. Aramchareon and Mativenga proposed that energy demand for
different tool paths need to be maintained in an accurate database. The database can be
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manipulated with energy demand models [13] [17], constant machine tools, individual
energy prerequisites for the associated work piece, and tooling.
2.5 Environmental impact characterization of milling and implications for potential
energy savings in industry:
Nancy Diaz [7] established a methodology for modeling the specific energy of a machine
tool. The model will determine the accuracy of energy consumption in a milling process
operation. She concluded that energy consumption demand for milling operation follows
almost similar behavior for the higher material removal rate (MRR) and the longer
operation time.
2.6 The impact of machining parameters on peak power and energy consumption in
CNC end milling:
Simoneau and Meehan [8] investigated on direct power measurement of spindle and
machine tool during end milling tests and the impact of different machining parameters
on peak power and energy consumption of the total machine tool and 3-axis CNC milling
machine. According to George Tlusty Textbook of Manufacturing Process and
Equipment [9]: force is constant for the same axial depth of cut per pass at the milling
process, and the same axial depth of cut per pass follows integers multiples of the total
depth of cut for geometrical slots.
2.7 Unit process energy consumption models for material removal processes:
S. Kara and W. Li utilized [14] design of experiments (DOE) for material removal
process in CNC turning and milling machines. They selected four main factors for DOE
set up such as cutting tool conditions, workpiece of material, cutting parameters, and
cutting environment. Their investigation was to establish a specific unit process energy
consumption models in turning and milling process. But they did not establish constant
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geometrical slots and constant volume of material to be removed in the CNC machining
process. If the volume of material remove is not constant, energy consumption for a
specific CNC cutting parameters obviously varies from being of time frame. This
research work explores using design of experiment (DOE) concept of machining
strategies, analyzing energy consumption at MRR, investigating how different
geometrical trajectories and CNC parameters can influence the direct energy
consumption in milling operations.
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Chapter 3: Electricity demand at various stage of milling machine operation:
Modern CNC machines consume different amounts of energy during machining
processes. Different processes have diverse model of energy consumption behavior
regarding to electricity demand in the milling process. The electrical power consumption
of a milling machine depends on its operational activities, motions, and process stages.
The following steps are mainly involved in machining processes in modern CNC milling.
3.1 Power on/machine on mode:
Almost all milling machines consume less or more energy at start to stop stage. All
machine parts do not work together at start to stop stage, for example, HAAS TM-1
model has the same characteristics which relate to various energy consumption behaviors.
3.2 Machine home position to x, y, z axis/reference point:
In this stage, a milling machine needs to set a reference point before the cutting stage or
material removal stage. Modern milling machines can set a reference point that is
programmed into its memory before the material removal stage. In this stage, the
reference point [12],
𝑅𝑅 = �(𝑥𝑥 2 + 𝑦𝑦 2 + 𝑧𝑧 2 ) Constant amount of energy is consumed due to machine

movement from reference point to home position and it could be counted as a part of
milling machine process.
3.3 Home position to reference point:
At this stage, the milling machine starts its journey from the home position to its cutting
point. If the reference point (cutting point on the table) is set a long distance from home
position, then more time will be required to reach the cutting point.
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3.4 Spindle rotation start before cutting point:
When the milling machine form starts moving from home position to the cutting point,
spindle rotational motion according to pre-set spindle revolution per minute (RPM)
requires a significant amount of energy which is determined by pre-set material removal
operation and material type.
3.5 Spindle RPM and material removal rate (MRR) for milling operation:
Depth of cut is also an important factor which is related to feed rate. S.T. Newman [5]
research work found that energy consumption is higher at a lower feed rate and higher
depth of metal cut. With the higher rate of material removal, the 15% differences were
observed. According to Nancy Diaz [7] investigation, specific energy is inversely
Proportional to material removal rate (MRR) and spindle speed, feed rate, and depth of
cut are correlated factors in milling processes determines energy consumption behaviors
follow x and y axis movement for feed rate and z axis determines depth of cut and is
correlated to spindle feed rate or material removal rate. X, Y & Z axis movement also
considers mechanical properties such as spindle vibration, heat generation, frictional
force, and surface roughness during milling operation. Geometric factors determine the
geometry [15] of the surface of a machine part. In general surface roughness of a milling
machine varies from 16𝜇𝜇 𝑖𝑖𝑖𝑖𝑖𝑖ℎ by 125 𝜇𝜇 𝑖𝑖𝑖𝑖𝑖𝑖ℎ. Geometrical design determines feed
movement at material removal stage to follow XY, XZ, YZ & XYZ coordinates

movement. Using different geometrical designs [16] for milling processes and different
machine axis movements create variability in energy consumption behavior. At this
stage, energy consumption behavior correspondence to x, y and z axis has not developed
and comprehensive studies need to be performed.
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3.6 End of material removal and return to home position stage:
The modern CNC milling machine follow the pre-set programming language codes for
milling processes, and at this stage machining process may perform a second task based
on pre-set programming codes. A constant amount of energy may be consumed during
the end-of-milling process to return the home position. Aramchareon and Mativenga [6]
investigation regarding the measurement of energy consumption is the algebraic
summation investigation regarding the measurement of energy consumption is the
algebraic summation of all energy consumption in the milling operation. In the [Figure 2]
the pyramid shape the bottom conical portion is the actual real energy that is involved in
the required milling process and the rest of the portions are peripheral activities
associated. In the [Figures 14 & 15], total energy consumption in the end-milling process
is the algebraic summation of all energy consumption, such as pre-cutting, cutting and
post-cutting stages.

Figure 2: Energy consumption pyramid [15] at various stages of power demand in end
milling operation.
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3.7 Cutting forces and energy consumption relation:
Cutting forces are correlated with energy consumption in the milling machine. Radial
immersion (the ratio of depth of cut per pass and cutting tool diameter) leads to the three
forces of milling cutting tool such as tangential cutting force(𝐹𝐹𝑡𝑡 ), axial cutting

forces(𝐹𝐹𝑎𝑎 ), radial force(𝐹𝐹𝑟𝑟 ), and cutting tool helix angle(𝛼𝛼).Cutting forces are the sum of
the three forces, 𝐹𝐹 = ∑ 𝐹𝐹𝑡𝑡 + 𝐹𝐹𝑎𝑎 + 𝐹𝐹𝑟𝑟 [9].In the [Figure 3] shows typical forces are

associated with milling cutting tool. The axial force relates to cutting tool Z axis, the
radial forces are related to helical angle of cutting tool, and tangential forces are
associated with spindle speed and frictional forces into cutting surfaces.

Figure 3: Cutting forces of milling cutting tool.
Depth of cut per pass has a relation with cutting tool vibration. Typically, if depth of cut
per pass is lower there is possibility of higher cutting tool vibration which is linked to
spindle rotation and ultimate impact of power consumption fluctuation. Energy
consumption deflection plots can be presented in the following tables. According to the
DOE in the [Table 3], total depth of cut is 1 inch and it has been selected two levels, such
as lower level: 0.20 inch per depth of cut and higher level: 0.25 inch per depth of cut.
Lower level depth of cut (0.20 inch) took 5 immersion steps according to CNC
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programming and higher level depth of cut (0.25 inch) took 4 immersion steps.
1

Mathematically, it can be shown immersion steps, for example, 0.20 = 5 immersion steps.
Table 1: Lower level of depth of cut and higher number immersion steps for material
removal process in milling

Lower depth of cut per pass (0.2 inch) and number of immersion steps
(5 immersion steps)
𝑁𝑁𝑁𝑁. 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1
= = 0.2 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 5
2
= 0.4 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
5
3
= 0.6 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
5
4
= 0.8 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
5
5
= 1.0 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
5
Table 2: Higher level of depth of cut and lower number immersion steps for material
removal process in milling
Higher depth of cut per pass (0.25 inch) and number of immersion steps
(4 immersion steps)
𝑁𝑁𝑁𝑁. 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 1
= = 0.25 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 4
2
= 0.50 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
4
3
= 0.75 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
4
4
= 1.0 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
4

Cutting immersion steps lead to energy consumption fluctuation. In the [Table1&2]
shows immersion steps according to DOE steps which is impacting on CNC codes.
According milling operation and different machining parameters of energy consumption
has been gathered and the following two graphical presentation can be depicted for
18

immersion steps and energy consumption fluctuation with the same spindle RPM (1250)
and the same feed rate (10 inch/min) but variable depth of cut per pass.

Figure 4: Typical energy consumption curves in 4 immersion steps of 0.25 inch depth of
cut per pass.

Figure 5: Typical energy consumption curves in 5 immersion steps of 0.20 inch depth of
cut per pass.
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In the [Figure 4 & 5] has 4 and 5 immersion steps and depth of cut per pass 0.25 inch,
0.20 inch respectively.[Figure 4] has smooth energy consumption curve rather than

Figure 4 & 5: Typical energy consumption curve with 4 and 5 immersion steps at the
same x and y-axis range.
[Figure 5] which has fluctuation in energy consumption curves for being of different
depth of cut. If the initial depth of cut per pass (0.25 inch) is high, then initial power
consumption peak is high [Figure 4] and overall power consumption curve is fairly
smooth, whereas if the initial depth of cut per pass (0.20 inch) is low then the initial
power consumption peak is also low and overall power consumption curve is rough.
Moreover, cycle time is also varied with depth of cut pass. [Figure 4] has total cycle time
248 seconds and [Figure 5] has total cycle time 293 seconds. That means 0.25 inch depth
248

of cut per pass requires 293 × 100 ≈ 84% 𝑎𝑎𝑎𝑎𝑎𝑎 100 − 84 = 16% less cycle time than

0.20 inch depth of cut per pass of cycle time. [Figure 4&5] shows energy consumption
curves at the same x and y axis curves. Series 1 and series 2 represent 5 and 4 immersion
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steps respectively. According to these two contrast series, it can be assumed that higher
immersion steps cut (lower depth of cut 0.20 inch) has rough energy consumption curves
than lower immersion steps (higher depth of cut 0.25 inch).
3.8 Geometrical slot of material removal and surface finish: Surface finish is
generally depends on geometrical slots of cutting. Radial force (𝐹𝐹𝑟𝑟 ) is linked to helical

angle (𝛼𝛼) of cutting tool and tangential force of cutting (𝐹𝐹𝑡𝑡 ). Mathematically there is a
numerical relation between the radial force tangential force, and axial force of cutting,
𝐹𝐹𝑟𝑟 = 0.3 𝐹𝐹𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝑎𝑎 = 𝐹𝐹𝑡𝑡 tan 𝛼𝛼 where (𝛼𝛼) is the helical angle of cutting tool. Cutting

tool’s surface contact determine the surface of cutting, for example, circular slots of

material process: in the [Figure 6], inner surface SB have a smoother finish than outer

surface SA and maximum tangential force 𝐹𝐹𝑡𝑡 inserted in the inner surface SB than outer

surfaceSA . According to the [Figure 8], the circular

Figure 6: Depicts circular slots of material removal and surface smoothness.
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Rotational movement has impact of cutting surface smoothness for being of angle
displacement (in between two cutting tool angle distance is 18.10° and more contact

surface and the possibility of cutting tool insertion force is also high and for this reason
surface SB has a smooth surface than surface SA. Moreover, 2 fluted and 4 fluted cutting

tool has more stability in cutting surface smoothness than 1 fluted cutting tool. The main
disadvantage of 1 fluted cutting tool is that half of the cutting time it does not have
contact with the cutting surface.
Whereas linear slots of cutting process has comparatively rough surface finish than
circular slots of material removal processes. In the [Figure 7], surface𝑆𝑆𝐵𝐵 of the linear

slots of cutting has a rough surface of cutting than surface 𝑆𝑆𝐴𝐴 of circular slots of cutting.

Figure 7: Depicts linear slots of material removal and surface roughness.
Circular slots of cutting have more tangential force inner surface and according to DOE
parameter set up in the [Figure 8&9], inner circular slot diameter 2 inch, doted center line
diameter 2.375 inch, and outer slot diameter 2.75 inch. Center line surface circumference,
𝜋𝜋𝜋𝜋 = 3.14 ∗ 2.375 = 7.4575 inch and diameter of cutting tool 0.375 inch and total
number of cutting tools can be occupied in the center line circumference =

7.4575
0.375

19.89. If one immersion step in the circular rotation is 360° and two cutting tools

=
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360

[Figure 8] angular rotation, 19.89 = 18.10° and distance between the two centers of

cutting is 0.375 inch which is equivalent to cutting tool diameter. [Figure 8] depicts
circular slot of cutting and rotational angular motion.

Figure 8: Circular slot of cutting and rotational angular motion.
In the [Figure 8] H and V lines are corresponds to 𝑥𝑥 axis and 𝑦𝑦 axis respectively.
Two center line cutting tool distance is

2 × (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = 𝑟𝑟 + 𝑟𝑟 = 0.1875 + 0.1875 = 0.375 𝑖𝑖𝑖𝑖𝑖𝑖ℎ.
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Chapter 4: Methodology of using design of experiment (DOE):
Energy consumption demand in related to geometrical trajectories are assessed by using
linear versus circular paths of cut in the end- milling process. These experiments have
performed at an end- milling machine by using different parameter setups such as spindle
RPM, depth of cut, feed rate, slot lengths, depth of cut per pass and the constant volume
of material to be removed in the circular and linear slots. The following cutting tool is
used for material removal process.
4.1 Cutting tool specification:
Cutting tool tip: 1 Flute helical with 0.375 inch diameter, high Speed Steel (HSS) cutting
tool, total depth of cut 1inch. In end-milling process in this desired investigation, the total
volume of material removes in the circular slots is the same amount of material removes
in the linear slots. The following mathematical calculation and the [Figure 9] depict the
clear idea in the geometrical slots of material removal process in the end-milling process.
4.2 Material removal volume in circular slot:
Volume of material removes in circular path:(𝜋𝜋 × 1.0[(1.375)2 − (1.00)2 ]) = 2.80
cubic inch.

4.3 Material removal volume in linear slot:
Volume of material removes in linear path: [{7.17 × 0.375 × 1.0} + 𝜋𝜋 × (0.1875)2 ×

1.0 ] = 2.8 cubic inch. In the [Figure 9], at the circular slot outer radius is 1.375 inch and
inner radius is 1 inch respectively. In the linear slot, cutting length is kept 7.17 inch to
keep constant volume of 2.8 cubic inch similar as of circular slot.
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Figure 9: Linear and circular slots of cutting representation.
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4.4: Defining factors and level using design of experiment concepts:
Experiments were set up through the basic concepts of selecting levels [10] [14] and
factorial designs. CNC parameters such as spindle RPM, feed rate and depth of cut per
pass were the input independent variables and machining operation for output in energy
consumption and cycle time was considered dependable variables. The experiments are
performed using an educational end milling machine HAAS TM-1. Spindle RPM, feed
rate and depth of cut per pass are considered 3 main factors and each factor has two
levels such as low level and high levels. In the [Table 3 & Figure 10] depicts clear idea
using design of experiment (DOE) concepts Standard energy logger equipment is used to
measure energy consumption during the end-milling material removal process. [Figure
10] represents the main flow using IDEF0 notation to perform the main steps in
experimentation work. For example, four main activities were performed to represent the
next generation sustainable manufacturing process with some energy savings strategies.
Table 3: 23 Design of experiment: variable factors, factor specification, and levels
Variable factors

Factors specification

Low-level (-)

High-level (+)

A

Spindle RPM

1250

2500

B

Depth of cut per pass (inch)

0.20

0.25

C

Feed rate (inch/min)

5

10

4.5: IDEF0 process flow using a milling operation:
a. The Design of Experiments was performed.
b. A CNC programing was developed to machine the circular and linear slots using wood
and the machine set ups were deployed at milling machine to execute the experiments
designed.
c. At each feature machining operation the energy consumption at milling machine was
gathered.

Figure 10: IDEF0 diagram representing the information and knowledge modeling at
energy consumption experimentation using a milling operation.
The above [Figure 10] depicts clear concept of using design of experiment (DOE) at endmilling process variable machining parameters, such as spindle RPM, feed rate, and
depth of cut per pass. The following [Figure 11] is taken from end-milling material
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removal process in circular and linear slots, keeping the constant volume of material
amount of 2.8 cubic inch in each circular and linear slot.

Figure 11: Circular and linear slots in wood at constant volume of material removes.
4.6. CNC codes for circular and linear slots:
According to DOE there are three variable factors such as spindle RPM, depth of cut and
feed rate and each variable has two levels: low level and high level (23 = 8). Circular

and linear slots of material removal processes have ( 8 + 8 = 16) CNC programming

codes for end milling machining process. [Table 4] shows one set of CNC programming
codes with the same factor variable for the circular and linear slot of the material removal
process.
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Table 4: One set of CNC programming codes
Circular slot CNC programing codes
%
O0
N100 G90 G80 G40 G0
N102 T1 M6
N104 G55 G0 X 1.1875 Y0.
N106 S1250 M3 T1
N108 G43 H1 Z.25
N110 Z.2
N112 G1 Z-.2 F2.0
N114 G2 X0. Y-1.1875 R 1.1875 F10.0
N116 X-1.1875 Y0. R 1.1875
N118 X0. Y 1.1875 R 1.1875
N120 X 1.1875 Y0. R 1.1875
N122 G1 Z-.4 F2.0
N124 G2 X0. Y-1.1875 R 1.1875 F10.0
N126 X-1.1875 Y0. R 1.1875
N128 X0. Y 1.1875 R 1.1875
N130 X 1.1875 Y0. R 1.1875
N132 G1 Z-.6 F2.0
N134 G2 X0. Y-1.1875 R 1.1875 F10.0
N136 X-1.1875 Y0. R 1.1875
N138 X0. Y 1.1875 R 1.1875
N140 X 1.1875 Y0. R 1.1875
N142 G1 Z-.8 F2.0
N144 G2 X0. Y-1.1875 R 1.1875 F10.0
N146 X-1.1875 Y0. R 1.1875
N148 X0. Y 1.1875 R 1.1875
N150 X 1.1875 Y0. R 1.1875
N152 G1 Z-1.0 F2.0
N154 G2 X0. Y-1.1875 R 1.1875 F10.0
N156 X-1.1875 Y0. R 1.1875
N158 X0. Y 1.1875 R 1.1875
N160 X 1.1875 Y0. R 1.1875
N162 G0 Z7.25
N168 M30
%

Linear slot CNC programming codes
%
O0
N100 G90 G80 G40 G0
N101 T1 M6
N102 G55 G0 X0. Y0.
N103 S1250 M3 T1
N104 G43 H1 Z.25
N105 Z.2
N106 G1 Z-.2 F2.0
N107 X7.17 F10.0
N108 Z-.4 F2.0
N109 X0 F10.0
N120 Z-.6 F2.0
N121 X7.17 F10.0
N122 Z-.8 F2.0
N123 X0 F10.0
N124 Z-1.0 F2.0
N125 X7.17 F10.0
N126 G0 Z7.25
N127 M30
%
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Chapter 5: Experiment and data analysis:
After determining the design of the experimental setup, 16 experiments for circular and
16 experiments for linear slots were performed. Circular slots have 8 experiments for
replicate-1[Table 5] and other 8 experiments for replicate-2; similar applies to linear slots
for implementing Analysis of variance (ANOVA) analysis. [Figure 11] represents
material a removal process in wood for circular and linear slots of cut in the respect of the
same volume of material remove. Each slot removes 2.8 cubic inch of wood in the
experiments as shown in the [Figure 11].
5.1 Energy consumption significance in circular slots in ANOVA table:
An ANOVA table is used to identify significant factors among variable CNC parameters.
According to the [Table 5]: replicate-1 & replicate-2 represents the energy consumed
(Kilo-watt-seconds) for each slot of the material removal process in the end-milling
process. For example run-1 parameter in the [Table 5] corresponds to spindle RPM:
1250, depth of cut per pass: 0.20 inch, feed rate 5 inch/min, energy consumed 241.2 kilowatt-seconds, cycle time 514 seconds (replicate-1) and the same thing applies to
replicate-2. According to the statistical analysis in from [Table 6] among the source of
variation, C (feed rate) the highest energy consumption percentage (82.023%)
corresponds to [Table 6], whereas the ABC source of variables has the lowest energy
consumption percentage. The second and the third most significant source of variations
are spindle RPM (8.35%) [Table 6] and depth of cut per pass (5.75%) for energy
consumption contribution percentage respectively. Using design of experiment among
source of variables, it can easily be [Figure 12] found out energy consumption (%)
significant factors in the selecting CNC parameters.
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Table 5: Energy consumption experiments at circular slot

1

-1

-1

-1

Energy
consumption
replicate-1
241.20

58177.44

Energy
consumption
replicate-2
240.60

2

1

-1

-1

288.72

83359.23

287.50

82656.25

576.22

3

-1

1

-1

200.16

40064.02

201.02

40409.04

401.18

4

1

1

-1

239.40

57312.36

240

57600

479.40

5

-1

-1

1

133.20

17742.24

132.90

17662.41

266.10

6

1

-1

1

161.28

26011.23

160.85

25872.72

322.13

7

-1

1

1

114.12

13023.37

115

13225

229.12

8

1

1

1

135.36

18322.32

136.20

18550.44

271.56

Run Coded factors(A, B, C)

Square

Square

Total

57888.36

481.80

Table 6: ANOVA for the energy consumption percentage experiments in circular slots
Source of
variation

Sum of squares

Percent
contribution

Degree of
freedoms

Mean square

Fₒ

P-value

4593.79

8.35%

1

4593.79

29.944

0.0006

3163.78

5.75%

1

3163.78

20.623

0.0019

45123.32

82.02%

1

45123.32

294.130

0.0001

55.47

0.10%

1

55.47

0.362

0.5643

AC

343.82

0.63%

1

343.82

2.241

0.1728

BC

505.01

0.92%

1

505.01

3.292

0.1072

ABC

0.43

0.001%

1

0.43

0.003

0.9593

Error

1227.30

2.23%

8

153.41

Total

55012.92

A(Spindle
RPM)
B(Depth of
cut per pass)
C(Feed
rate)
AB

15
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Figure 12: Energy consumption (%) in circular slots in kilo-watt-seconds
5.2 Energy consumption significance in linear slots in ANOVA table:
Energy consumption in milling process is almost the same in linear compare to circular
slots [Figure 11] regarding to the same volume of material removal processes. Linear
slots showed the same behavior compared to circular slots with the same CNC
parameters. From the [Table 7] among the source of variation, C (feed rate) has the
highest energy consumption percentage [Table 8] (80.76%), whereas the ABC source of
variables has the lowest energy consumption percentage. The second and the third most
significant source of variations are spindle RPM (9.07%) [Table 8] & [Figure 13] and
depth of cut per pass (8.56%) for energy consumption contribution percentage
respectively.
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Table 7: Energy consumption experiments at linear slots

1

-1

-1

-1

Energy
consumption
replicate-1
230.4

53084.16

Energy
consumption
replicate-2
231

2

1

-1

-1

277.92

77239.53

276.7

76562.90

554.62

3

-1

1

-1

193.68

37511.94

194.54

37845.80

388.22

4

1

1

-1

232.92

54251.73

233.52

54531.60

466.44

5

-1

-1

1

134.64

18127.93

135.34

18316.90

269.98

6

1

-1

1

160.92

25895.23

160.49

25757

321.41

7

-1

1

1

114.48

13105.67

115.36

13307.90

229.84

8

1

1

1

133.92

17934.57

134.76

18160.30

268.68

Run Coded factor(A,B,C)

Square

Square

Total

53361

461.40

Table 8: ANOVA for the energy consumption percentage experiments in linear slots
Source of
variation
A(Spindle
RPM)
B(Depth of
cut per pass)
C(Feed Rate)

Sum of
squares

Percent
contribution

Degree of
freedoms

Mean square

Fₒ

P-value

4280.76

9.07%

1

4280.76

13422.20

0.0001

4039.56

8.56%

1

4039.56

12665.90

0.0001

38100.11

80.76%

1

38100.11

119461.80 0.0001

AB

47.58

0.10%

1

47.58

149.17

0.0001

AC

411.79

0.87%

1

411.79

1291.14

0.0001

BC

293.18

0.62%

1

293.18

919.26

0.0001

ABC

0.36

0.00%

1

0.36

1.14

0.317

Error

2.55

0.01%

8

0.32

Total

47175.88

15
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Figure 13: Energy consumption (%) in linear slots in kilo-watt-seconds.
5.3 Peripheral energy consumption in circular and linear slots:
From the [Figure 14 & 15] cutting stage represents as actual material removal process
and pre-cutting and post-cutting represents as peripheral energy consumption Peripheral
(pre-cutting + post-cutting stage) energy is treated as energy consumption that is not
involved for actual material removal process and could be compared to actual energy is
used in the actual material removal operation. In the [Table 9 & 10] is presented the
peripheral energy consumption percentage in circular and linear slots respectively.
Mathematical calculation in the [Table 9& 10] is explained below: for circular slot-1,
Material removal rate (MRR) = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏 𝑑𝑑𝑑𝑑𝑑𝑑 × 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
0.375 × 10 × 0.2 = 0.75 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

0.0125 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖ℎ 𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. Total volume of material is to be removed 2.8 cubic
inches. Now actual cycle time requires for material removal process =

2.8

0.0125

=

224 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and total cycle time stored in energy logger machine is 279 seconds and
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energy consumption is 133.2 kilo-watt-seconds. According to 8 experiments at circular
and linear (replicate 1, respectively), the energy consumption follows linear trend lines
[Figure 16], energy used in actual cutting or material removal process is =

224×133.2
279

106.94 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. Peripheral energy consumption is equal to 133.2 −

=

106.16 = 26.26 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 − 𝑤𝑤𝑎𝑎𝑡𝑡𝑡𝑡 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. It can be depicted from [Table 9] that circular
slot-1 has 80.29 % energy consumed as actual material removal process and 19.71 %

energy as peripheral energy consumption. Related to energy consumed and combining
[Table 9 &10] the average energy consumed is 82.17 % (obtained an approximate value
combining of circular and linear slots of energy consumption) of energy is used as actual
cutting as of material removal processes of 2.8 cubic inch and on an average 17.43 % is
used as peripheral energy considering consumption for the both circular and linear slots
at replicate-1.
Table 9: Peripheral energy consumption percentage in circular slots in end milling process
Variables
Spindle speed (RPM)
Depth of cut per pass (inch)
Feed rate (inch/min)
Cutting tool diameter (inch)
Material removal rate (cubic inch/min)
Total cycle time (seconds)
Energy consumed (kW)
Constant volume material remove (cubic inch)
Cycle time for actual cutting (seconds)
Energy used for actual cutting (kW)
Peripheral energy used (kW)
Peripheral energy consumption %
Actual energy consumption %

Slot-1
2
1250
1250
0.20
0.20
10
5
0.375
0.375
0.0125 0.00625
279
514
133.20 241.20
2.80
2.80
224
448
106.94 210.23
26.26
30.97
19.71
12.84
80.29
87.16

3
4
5
6
7
8 Average
2500
2500
1250
1250
2500
2500
0.20
0.20
0.25
0.25
0.25
0.25
10
5
10
5
10
5
0.375
0.375
0.375
0.375
0.375
0.375
0.0125 0.00625 0.01563 0.007813 0.01563 0.007813
281
505
239
423
237
416
161.28 288.72 114.12
200.16 135.36
239.40
2.80
2.80
2.80
2.80
2.80
2.80
224
448 179.20
358.40 179.20
358.4
128.56 256.13
85.57
169.59 102.35
206.25
32.72
32.59
28.55
30.57
33.01
33.15
20.28
11.29
25.02
15.27
24.39
13.85 17.83%
79.72
88.71
74.98
84.73
75.61
86.15 82.17%
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Table 10: Peripheral energy consumption percentage in linear slots in end milling process
Variables
Spindle speed (RPM)
Depth of cut per pass (inch)
Feed rate (inch/min)
Cutting tool diameter (inch)
Material removal rate (cubic inch/min)
Total cycle time (seconds)
Energy consumed (kW)
Constant volume material remove (cubic inch)
Cycle time for actual cutting (seconds)
Energy used for actual cutting (kW)
Peripheral energy used (kW)
Peripheral energy consumption %
Actual energy consumption %

Slot-1
2
1250
1250
0.20
0.20
10
5
0.375
0.375
0.0125 0.00625
293
491
134.64 230.40
2.80
2.80
224
448
102.93 210.22
31.71
20.18
23.55
8.76
76.45
91.24

3
4
5
6
7
8 Average
2500
2500
1250
1250
2500
2500
0.20
0.20
0.25
0.25
0.25
0.25
10
5
10
5
10
5
0.375
0.375
0.375
0.375
0.375
0.375
0.0125 0.00625 0.01563 0.00781 0.01563 0.00781
277
490
248
412
234
407
160.92 277.92 114.48 193.68 133.92 232.92
2.80
2.80
2.80
2.80
2.80
2.80
224
448 179.20 358.40 179.20
358.4
130.13 254.10
82.72 168.48 102.56 205.11
30.79
23.82
31.76
25.2
31.36
27.81
19.13
8.57
27.74
13.01
23.42
11.94 17.02%
80.87
91.44
72.26
86.99
76.58
88.06 82.98%

Table 11: Energy consumption experimental results using 32 experiments at circular and
linear slots.
Average energy consumed (32 experiments)
Slot types
Cutting stage (%) Peripheral energy (pre-cutting & post-cutting stage) (%)
Circular trajectories
82.12
17.88
Linear trajectories
81.27
18.73

[Figure 14 and 15] depicts the areas where pre-cutting, cutting and post-cutting stage
taking place. 16 experiments for circular slots and 16 experiments for linear slots.
[Table 11] summarizes 16 experimental results for circular and linear slots respectively.
The over-all energy consumption percentages at material the removal process of endmilling for circular slots of replicate-1& 2 and a total of 16 slots have average 82.12 % at
cutting stage and 17.88 % for peripheral stage. It can be observed that similar results
were found in linear slots. Important relationship with these summary results can be
found in the pre-cutting, cutting and post-cutting stages representing at [Figures 14 &
15]. It is important to emphasize that 32 data logger figures were obtained for each
experiment mentioned in [Table 8]. However, [Figures 14 & 15] were selected because
they are more representatives according to DOE performed.
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5.4 Typical energy consumption in milling operation:
This section explains the energy consumption at machining cycle, comparing a circular
and linear slot. Standard energy logger is used to obtain the energy consumption in the
end-milling process. Energy consumption considerations are presented on stages: precutting, cutting and post-cutting. Energy consumption in end-milling is considerably
higher at the initial stage of the process in other words pre-cutting stage as can be
depicted at [Figure 14], is when spindle starts to rotate for the material removal process
and at this point sudden energy consumption peaks to highest point. Total 114.12
kilowatt -second of energy is consumed from initial to final operation at circular slot
including bringing the spindle to home position. It can be observed that cutting stage is
the more energy is consumed compare to pre-cutting and post-cutting stage. According to
[Table 9& 10] pre-cutting and post-cutting stages also refer to peripheral energy
consumption stage. Milling operations for linear slots exhibits the same characteristics to
circular slots both linear [Figure 15] but circular slot at material removal process
consumes more energy at cutting stage than linear slots. Linear slot consumed 114.48
kilowatt- second. The entire process for both circular and linear slots consumes
approximately the same amount of energy utilizing the same CNC parameters such as
1250 spindle RPM, feed rate 10 inch/min, depth of cut per pass 0.2 inch and total depth
of cut is 1 inch.
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Figure 14: Graphical presentation of maximum energy waste parameters for circular slots

Figure 15: Graphical presentation of maximum energy waste parameters for linear slots.

5.5 Typical energy consumption trend in regression analysis:
Cycle time is represented in seconds, consider as independent variables, whereas energy
consumption represents in kilowatt-second dependents on time which is considered as
dependable variables. Using cycle time as in the X axis and energy consumption in Y
axis for both circular and linear slots for material removal process. Energy consumption
and time ratio follows a line equation and the rate of increase; slop rate is fairly constant.
It can find that circular and linear slots follow almost the same trend lines as shown in the
[Figure 16]. Adjusted R2 regression values of circular and linear slots have almost same
characteristics and follow straight line equations.

Figure 16: Regression trend lines for energy consumption and cycle time for circular and
linear slot.
5.6 Z Axial depth of cut per pass and energy consumption for feed rate:
Z Axial depths of cut per pass for energy consumption are integer multiples of [9] total
depth of cut for material removal process in the end-milling process. In the [Table 12]
using CNC parameters [ANOVA Table 6] (same spindle RPM and feed rate, but different
depth of cut per pass), for example, circular slot-1 has 0.2 inch depth of cut per and slot1

3 has 0.25 inch depth of cut per pass Slot-1 requires 5 steps (0.2 = 5) and slot-2 requires
1

4 steps ( 0.25 = 4) for total depth of cut 1 inch. In the [Table 12] slot-1 requires 26.64
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133.2

(

5

114.12

= 26.64) kilowatt-second (kW) energy for 1 step and slot-2 requires 28.53(

4

=

28.53) (kW) energy for 1 step approximately the amount energy consumed for each step
in slot-2 comparing to slot-1. In the same way, slot-3 and slot-4 require (kW) and 50.04

(kW), respectively. It is also clear in the Slot-1 and Slot-3, for being of the same spindle
48.24

50.04

RPM and the same depth of cut per pass, but if feed rate doubles (26.64 = 1.81, 28.53 =
1.75)energy consumption in the each step approximately double. Feed rate follows an

integer multiples in end milling energy consumption. According to [Table 12], slot-1 and
slot-3 have feed rate 10 and 5 respectively, and energy consumption per step is 26.64 and
48.24 kilo-watt-second respectively. It was found that if feed rate doubles energy
consumption rate comes in half and time is also approximately half.
Table 12: Axial energy consumption behavior of integers multiples of total depth of cut at
end-milling process.
Variables
Spindle RPM
Depth of cut per pass (inch)
Total depth of cut (inch)
Required steps for total depth of cut
Feed rate (inch/min)
Total energy consumed (kW)
Total cycle time (seconds)
Material removal rate (cubic inch/second)
Energy consumed per step (kW)

Slot-1
Slot-2
1250
1250
0.20
0.25
1
1
5
4
10
10
133.20
114.12
279
239
0.0125 0.015625
26.26
28.53

Slot-3
Slot-4
1250
1250
0.20
0.25
1
1
5
4
5
5
241.2 200.16
514
423
0.00625 0.00781
48.24
50.04
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5.7 Cause-effect diagram of milling process energy consumption:
Cause-effect diagram present in this research work draws a boundary line in between
scopes and nuisance factors. Scopes can be depicted as activities that are accomplished in
this research work and future recommendation for further work. In the [Figure 17]: 6
main activities are considered for depicting cause-effect diagram of the milling process
and impact of energy consumption. Nuisance factors are considered as uncontrollable
factors that cannot be controlled during milling machining operation.
Nuisance factors (these factors were ignored during machining process):
•

Room temperature.

•

Machine vibration.

•

Heat generation in cutting surface and cutting tool.

•

Cutting weariness and periodic cutting surface roughness.

Figure 17: depict cause-effect diagram of milling process and energy consumption
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Chapter 6: Results, conclusion, and future research works:
Results: Different machining strategies are presented in this thesis work showing
different energy consumption performance in material removal process in pine wood
blocks. In the [Figure 11] end-milling process has involved with pine wood blocks at
constant volume of material removal (2.8 cubic inch) process. Results can be varied using
of hard material removal process, such as steel & aluminum metals.
•

Energy consumption is approximately same in the circular and linear geometrical
trajectories with the constant volume of material removal processes. [Table 9 & 10].

•

On an average 83 % energy consumption is involved in cutting stage and 17 %
energy is involved at per-cutting & post-cutting stage. [Table 9 & 10]

•

Feed rate is the most significant factor among CNC parameters [Figure 12 & 13] and
[Table 12].

•

Regression line equation for circular slots: 𝑦𝑦 = 0.4835 𝑥𝑥 + 2.4139, 𝑅𝑅 2 = 0.8336 and

linear slots: 𝑦𝑦 = 0.4334 𝑥𝑥 + 0.07, 𝑅𝑅 2 = 0.8115 (cycle time as x axis and energy
consumption as y axis) [Figure 16].
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Conclusion:
•

Particular CNC parameter can be set to predetermined demand of energy for a
specific milling process.

•

Energy consumption and cycle time depend on the predetermined feed rate set up and
follows as mathematical multiplication integer rules such as if feed rate two folds,
then energy consumption and cycle time come to approximately half folds [ Table
12].

•

Energy consumption and cycle time of circular and linear slots of material removal
processes have almost the same regression trend lines and adjusted R2 value.

Future research work:
•

Cutting tools need to be changed frequently to avoid energy consumption variation in
the milling process at specific cutting trajectories.

•

Adjust variable factors (spindle RPM, depth of cut per pass, and feed rate) for hard
material removal processes such as steel & aluminum metals.

•

Use different helical cutting tool such as 2 fluted and 4 fluted helical cutting tools

•

Explore more experiment in different models of milling machine with cutting coolant
facility.
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